Methane is a major product of the anaerobic decomposition of organic matter. Methane is produced in sediments with a redox potential below -300 mV (14) and is oxidized in the hypolimnion and at the metalimnion of stratified freshwater lakes (6, 11) . The highest concentrations of aerobic methane oxidizing bacteria and the highest rates of methane oxidation occur at the thermocline (6, 11) . The culture, physiology, and distribution of several methane-oxidizing bacteria have been described (4, 6, 13) .
Most of the methane-oxidizing bacteria isolated previously were obligate methylotrophs (8, 9, 13) that are able to use only methane, methanol, and dimethyl-ether as sources of carbon and energy. Patt et al. (6) reported the isolation of facultative methylotrophic bacteria from Lake Mendota, Madison, Wis. These organisms are capable of growth on sugars and organic acids as well as on methane and methanol. All these organisms are obligately aerobic.
Methane is generally considered to be biologically inert to anaerobic environments. Davies and Yarborough (2) proposed that labeled methane is oxidized by sulfate-reducing bacteria at a very low rate in freshwater samples. This report suggested that methane may be used as an additional carbon and energy source by sulfatereducing bacteria, but enrichments were not attempted and pure cultures were not isolated. Postgate (7) failed to detect methane utilization by Desulfovibrio desulfuricans. We have consistently observed the oxidation of ["C]methane to '4CO2 in the absence of oxygen by samples from the sediment surface of Lake Mendota, Madison, Wis., during 3 years. We have described enrichment of bacteria that are capable of oxidizing methane to carbon dioxide in the absence of oxygen in a preliminary report (A. Panganiban and R. S. Hanson, Abstr. Annu. Meet. Am. Soc. Microbiol. 1976, I59, p. 121).
MATERIALS AND METHODS
Media. Medium I was a modification of Postgate medium (7) and was used for isolation and for some analyses. This medium contained the same components as Postgate Lake sample collection and 02 analysis. A water sampler (model XRB-135, Hydro Products, San Diego, Calif.) was used for collection of water samples as previously described (6) . After retrieval of samples from each depth, the samples were drained into glassstoppered biological oxygen demand bottles so that air was excluded from the container. The water samples were then brought back to the laboratory for analysis, and the appropriate experiment was initiated immediately. As an alternative, the bottled samples were refrigerated at 4°C for not more than 4 inserted into open 8-ml vials containing the proper substrate. A lake sample (2 ml) or cells and medium (2 ml total) were then added by pipette, and a serum stopper was seated while a continuous stream of nitrogen was run into the vial. A 26-gauge needle was pushed through the serum stopper, and gassing was continued for 60 s to remove oxygen trapped under the serum stopper. Methane was added through the serum stopper with a syringe. The alternative to this method was to add the samples to the vials, seat the serum stopper, and then evacuate the atmosphere in the vial by using a vacuum pump. Needles (22 gauge) attached to the vacuum pump system were inserted through the serum stoppers, the vials were evacuated, and the proper atmosphere was established by evacuating and filling at least three times. When serum stoppers were used to close vials, the vials were placed in a closed flask filled with an 02-free atmosphere identical to that inside the vials, except that radioactive methane was not added to the atmosphere outside of the vials (Fig. 1 ).
Ascorbic acid (0.01%) and thioglycolic acid (0.01%) or cysteine sulfide (3) were added to all media to ensure reducing conditions. Addition of radioactive tracers. 14CH4 was stored anaerobically with nitrogen over alkaline pyrogallol so that oxygen would not be added with the labeled methane. The labeled methane was injected by syringe into vials filled with the appropriate atmospheres. A tube of ['4C]acetate in distilled water was flushed with oxygen-free N2 for 15 min and sealed with a serum stopper. A 0.1-ml amount of [14C]acetate (1.0 ,tCi/ml) was also introduced into vials by syringe.
ples taken immediately below the thermocline ( Fig. 2) Fig. 3 ). Methane concentrations are highest at the sediment surface and decline rapidly above the surface in Lake Mendota (6) . Methane oxidation to carbon dioxide did not occur in the presence of oxygen when bottom samples were assayed (Fig. 2) . There are clearly two distinct groups of methane-oxidizing organisms capable of oxidizing methane based on their location in the water column, their ability to assimilate carbon from methane, and their ability to use oxygen as an electron acceptor. This experiment has been repeated several times, with and without the addition of cysteine sulfide to the incubation vials during three summers, and with similar results. In the experiment described in Fig. 2 , the vials incubated without oxygen were placed in a flask with an oxygenfree atmosphere to preclude the possibility that oxygen leakage into the vials could account for the oxidation of methane (Fig. 1 Fig. 2 suggested that methane was not assimilated when the atmosphere was composed of 50% methane and 50% nitrogen. It was found that the increase in the rate of oxidation of '4CH4 to 14CO2 (Fig. 4) was dependent on the presence of lactate or acetate in enrichment cultures. Ascorbate and thioglycollate were added as reducing agents (7) . Their replacement with cysteine sulfide caused a reduction in the rate of oxidation of methane to carbon dioxide of about 50% at days 3 and 5. Omission of the reducing agents from the medium did not affect the results significantly. Yeast extract was the only other carbon source of several tested that provided equivalent enrichments of anaerobic methane oxidizers. The enrichments were followed by measuring the oxidation of 14CH4 to 14CO2 after each transfer. A 2-ml amount of culture was transferred to vials and tested as described in Materials and Methods. (Table 2) . After 5 days of enrichment at 370C in the presence of methane and 0.01% acetate or 0.01% lactate, turbidity was observed and the culture was transferred. A small inoculum (0.1 ml to 50 ml of fresh medium) was transferred to a second flask, which was incubated under identical conditions for 5 days. After three and five transfers, the culture was capable of oxidizing methane (Fig. 4) .
Acetate assimilation. Carbon from methane was not assimilated into cell material in samples incubated in the absence of oxygen. All samples incubated aerobically that caused the oxidation of methane to carbon dioxide gave radioactivity in material precipitable by cold trichloroacetic acid. All aerobic methane oxidizers known, except recently isolated yeast strains (R. S. Wolf and R. S. Hanson, in press), assimilate carbon from methane (8, 9) .
The temperature of incubation chosen for these experiments was 370C. Although oxidation of methane to carbon dioxide occurs down to 100C, the highest rate of anaerobic methane oxidation by lake samples was found to occur at 30 to 370C. The temperature at the sediment surface at the sampling point varied from 12 to 160C during the summer. The rate of methane oxidation at 150C was 16 to 27% of that at 370C
under otherwise identical conditions in several different samples. The oxidation of 1 ,umol of methane to carbon dioxide per ml of water would be expected to produce less than 10 mg of cell material per liter (assuming that S042 is the electron acceptor) if the free energy released in this reaction is -4.5 J/mol (1). It is not surprising that the assimilation of one-carbon intermediates does not occur during the anaerobic oxidation of methane. The synthesis of cell material from C, units would make the fermentation less favorable.
At this time we have not been able to increase the rate or amount of methane oxidation by lake samples by the addition of potential electron acceptors such as nitrate, sulfate, fumarate, or several other compounds. It is probable that other factors such as the population of anaerobic methanotrophs limit the rate of methane oxidation under these conditions and that the natural electron acceptor is in excess in fresh samples.
Obvious growth and an increase in the rate of conversion of methane to carbon dioxide occurred in enrichments only when sulfate at 2 50 mg/liter was added to medium II plus 0.01% lactate or acetate. Elimination of nitrate, in the presence of ammonia, did not have an effect on the ability of enrichment cultures to oxidize methane. Therefore, nitrate apparently is not needed as the electron acceptor for methane oxidation in our experiments. We have attempted without success over the course of 2 years to obtain methylotrophs capable of using nitrate as an electron acceptor. Enrichments attempted in a medium containing 10 mg or less of sodium sulfate ceased to oxidize methane to carbon dioxide after the second transfer at all nitrate concentrations tested.
We have never observed the anaerobic oxidation of uniformly labeled acetate to carbon dioxide in many experiments in which the assimilation of acetate has been observed. This observation and the observation that methane carbon was not assimilated in many experiments in which its oxidation to carbon dioxide has been observed further emphasize the uniqueness of the bacteria that oxidize methane anaerobically. 
